The amount of compensation to lens-induced defocus of different sign is not symmetric. Tree shrews and primates compensate for imposed hyperopic defocus more completely than to equal amounts of imposed myopic defocus 27, 30 . However, myopic defocus dominates hyperopic defocus when the stimuli are presented individually 31,32 , successively [33] [34] [35] or simultaneously in various species including human [36] [37] [38] [39] . A relatively small amount of alternated or simultaneous myopic defocus can cancel the compensation of greater amounts of hyperopic defocus 34, 36, 40, 41 , and interrupting hyperopic defocus for even brief periods of time is also known to reduce myopia development in chicks, tree shrews and primates 26, 35, 42 .
Short interruptions of imposed Hyperopic Defocus earlier in Treatment are More Effective at Preventing Myopia Development
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The purpose of this study was to evaluate the effect of interrupting negative lens wear for short periods early or late during the development of lens-induced myopia in marmosets. Sixteen marmosets were reared with a −5D contact lens on their right eye (plano on contralateral eye) for 8 weeks. Eight marmosets had lenses removed for 30 mins twice/day during the first four weeks (early interruption) and eight during the last four weeks (late interruption). Data were compared to treated controls that wore lenses continuously (N = 12) and untreated controls (N = 10). Interocular differences (IOD) in vitreous chamber (VC) depth and central and peripheral mean spherical refractive error (MSE) were measured at baseline and after four (T 4 ) and eight (T 8 ) weeks of treatment. Visual experience during the interruptions was monitored by measuring refraction while marmosets were seated at the center of a 1 m radius viewing cylinder. At T 4 the eyes that were interrupted early were not different from untreated controls (p = 0.10) and at T 8 had grown less and were less myopic than those interrupted later (IOD change from baseline, VC: +0.07 ± 0.04 mm vs +0.20 ± 0.03 mm, p < 0.05; MSE: −1.59 ± 0.26D vs −2.63 ± 0.60D, p = 0.13). Eyes interrupted later were not different from treated controls (MSE, p = 0.99; VC, p = 0.60) and grew at the same rate as during the first four weeks of uninterrupted lens wear (T 4 − t 0 : 3.67 ± 1.1 µm/day, T 8 − t 4 : 3.56 ± 1.3 µm/day p = 0.96). Peripheral refraction was a predictive factor for the amount of myopia developed only when the interruption was not effective. In summary, interrupting hyperopic defocus with short periods of myopic defocus before compensation occurs prevents axial myopia from developing. After myopia develops, interruption is less effective.
Visual cues regulate emmetropization and can change the rate at which the eye grows [1] [2] [3] [4] [5] . This ability to regulate eye growth and refractive state does not require input from the brain 6, 7 and is locally controlled within the eye [8] [9] [10] [11] . Studying the interactions between the spatial and temporal integration of visual signals across the retina and over time is crucial to understand how signals across the visual field, and the time spent on different visual tasks, affect emmetropization and refractive error development. This in turn will help develop more effective approaches to control myopia development and progression.
Visual experience influences refractive development in a variety of species. Depriving chicks, mammals and primates of form vision is known to elongate the eye and produce myopia 1, 5, 7, [12] [13] [14] [15] [16] [17] [18] . Furthermore, restricting the visual deprivation to part of the visual field leads to increased eye growth and myopia development localized to the region of the eye that was deprived 8 . Image quality, not just visual deprivation, plays an important role in the control of eye growth. Modifying the spatial frequency and contrast properties of the visual stimuli using translucent diffusers in chicks, guinea pigs and rhesus monkeys leads to varying degrees of eye growth and myopia development, and requires loss of mid-spatial frequencies for significant effects [19] [20] [21] [22] [23] [24] .
Optical defocus can also trigger changes in eye growth. It affects retinal image quality, can interfere with the contrast and spatial frequency properties of the retinal image, and affects emmetropization in a sign-dependent manner. In a variety of species, including non-human primates, imposing hyperopic or myopic defocus on the retina using negative or positive lenses respectively, results in compensatory eye growth that moves the retina to the imposed focal plane and corrects the imposed refractive error 3, 16, [25] [26] [27] [28] [29] .
Materials and Methods
Experimental protocol. Thirty-eight juvenile marmosets (Callithrix jacchus) were randomly assigned into two control and two treatment groups. Twelve marmosets wore −5D contact lenses continuously (uninterrupted treated controls). Ten marmosets were age-matched untreated controls (untreated controls). Two treatment groups wore −5D contact lens interrupted for 30 mins, twice a day. Eight marmosets had lens wear interrupted during the first four weeks of treatment and wore lenses continuously during the last four weeks of treatment (early interruption group). Eight marmosets wore lenses continuously during the first four weeks of treatment and had interruptions during the second four weeks of treatment (late interruption group). All animal care, treatment and experimental protocols were reviewed and approved by the SUNY College of Optometry Institutional Animal Care and Use Committee and conformed to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research.
All animals treated with contact lenses were reared with a full field negative (−5D) soft contact lens on their right eye (experimental eye), and a plano lens on the fellow eye (control eye). Lens wear began at an average age of 70 days (71.56 ± 6.14 days) for eight weeks. Lenses were inserted at lights on (1000 lux) and removed at lights off each day (9 hours light/15 hours dark) 27, 36, 48 . Contact lenses had diameters of 6.0 mm or 6.5 mm, base curves of 3.6 mm or 3.8 mm, were made of methafilcon A (55% water content, DK: 17) and were fit 0.10 mm flatter than the flattest keratometry measurement and assessed using an ophthalmoscope 27, 49 . No corneal complications were observed in any of the animals treated in this or earlier studies with marmosets 36, 48 .
The early interruption and late interruption treatment groups had lenses inserted around 9am (±1 hr) and lights were turned on. Lenses were worn for 3 hrs, removed for 30 mins around noon (±1 hr), worn for another 3 hrs, removed for 30 mins around 3 pm (±1 hr), and worn again for 3 hrs before removing lenses for the night and turning lights off around 6 pm (±1 hr).
The typical 30 min interruption period began with contact lenses removal (1 min), transportation inside a dark nest box (5 min), seating in a primate chair located in the center of a viewing cylinder with a 1 m radius (5 min), transportation back to the animal facility (5 min) and lenses reinsertion (4 min). While the marmoset was inside the cylinder, they were gently restrained in a primate chair while were exposed to videos of natural scenes projected on the wall. During this time, the marmoset's uncylopleged effective refractive state was measured every 5 minutes using an infrared video photorefractor (PowerRefractor, MultiChannel Systems, Tubingen, Germany). To capture the marmoset's attention and successfully record their refraction, the video was turned off and a small monitor located below the photorefractor was turned on (Fig. 1 , bottom right corner).
Outcome measures. Ocular biometry and refractive state (mean spherical equivalent, MSE) were measured using our standard protocol for lens-treatment: we measured twice before treatment started (four weeks prior to lens rearing (T −4 ), again immediately before lens rearing (T 0 ) and twice during treatment after four weeks (T 4 ) and eight weeks (T 8 ) of lens wear. Axial measurements of anterior chamber depth (ACD), lens thickness (LT), vitreous chamber depth (VC), choroidal thickness (CT), and retinal thickness (RT) were performed using high frequency A-scan ultrasound (25 MHz, Panametrics, NDT, Ltd, Waltham, MA). Central corneal curvature was measured by keratometry. On-axis refractive state was determined from the average of five measurements using the Nidek ARK-900 autorefractometer (Gamagori, Japan). All measures were performed 20 minutes after the instillation of 2 drops of 1% cyclopentolate and were completed within two hours.
Raw data are provided in supplemental tables. Data analysis and graphical representation are presented as interocular differences between the right treated eyes and the left contralateral eyes, normalized to baseline measures. Growth and refractive rates were calculated as the daily change in vitreous chamber and refraction during the first 4 weeks of treatment (early rate) and the second 4 weeks of treatment (late rate).
Peripheral refraction was measured continuously along the horizontal meridian using IR video photorefraction 36, 48 . Peripheral refractive data was collected from 40° on the temporal retina to 40° on the nasal retina, using a running average of refraction data of approximately 500 refractions across the horizontal meridian. Relative peripheral refractions at 20° and 40° were calculated by subtracting the refraction on the nasal and temporal peripheral retina from the central refraction as previously described 36, 48, 50, 51 .
Visual experience on the peripheral retina during the interruption periods was estimated by adding measures of peripheral refractive state taken during the T 4 and T 8 measures to the axial defocus experienced during the interruption on the first day of each four week interruption period. This provided an estimate of the effective peripheral refraction for the first day of each four week interruption period. The peripheral refractions were measured outside the viewing cylinder while the axial refractions were measured inside the cylinder and were adjusted for the 1D demand of the cylinder radius.
Statistics. Stata (College Station, TX) was used to perform statistical analysis. One-way ANOVA and post-hoc analysis using Tukey tests were used to examine the differences between treatment and control groups. Repeated measures ANOVA was used to examine treatment effects over time within each group. Pearson's linear correlation was used to explore the relationship between the effective peripheral refraction and the compensatory changes in refraction and eye growth. Multi-regression models were developed to evaluate whether central and peripheral refraction at baseline would predict the induced changes in growth rate after 4 (T 4 ) and 8 (T 8 ) weeks of treatment.
Results
Baseline measurements. There were no interocular differences in refractive state or any ocular dimensions measured in any of the groups prior to the beginning of treatment (supplemental material, Table S1 ).
Overall treatment effects. Table S1 (supplemental material), summarizes the average ocular biometry and refractive state for the experimental and control eyes in each group at baseline, and after 4 and 8 weeks of treatment. Table S2 (supplemental material) describes these values as changes from baseline to four weeks, and from four to eight weeks.
The treatment effects were calculated as the interocular difference (experimental eye minus control eye, exp-con) in vitreous chamber (VC, untreated control: +0.62 ± 0.46D; p < 0.05, ANOVA F = 3.13, Tukey post-hoc late interruption vs untreated p < 0.05, treated control vs untreated control p < 0.05). The refraction and vitreous growth in early interruption group did not differ statistically from untreated controls (p = 0.34 and p = 0.57, respectively).
No differences between groups were observed in corneal curvature or lens, retina and choroid thickness changes (ANOVA p > 0.05, Tables S1 and S2).
Axial growth rates. During the first four weeks of treatment (T 0 to T 4 ), the interocular difference in vitreous growth rate was similar between the early interruption and untreated control groups (Fig. 2 , top right panel, early interruption T 0 to T 4 : 0.67 ± 1.1 μm/day, untreated: −0.68 ± 0.6 μm/day, ANOVA F = 3.60, Tukey post-hoc p = 0.84). Late interruption animals had faster ocular growth rates (+3.67 ± 1.1 μm/day, Tukey post-hoc p < 0.01). During the later four weeks of treatment (T 4 to T 8 ), the eyes of animals in the early and late interruption groups grew at similar rates (Fig. 2 , bottom right panel early interruption group T 4 to T 8 : 1.84 ± 1.07 μm/day; late interruption group: 3.56 ± 1.3 μm/day; ANOVA F = 1.88, Tukey post-hoc p = 0.71). During the later 4 weeks of treatment, the eyes of the late interruption group grew at a faster rate than untreated control animals (untreated 0.10 ± 0.44 μm/day, p < 0.05). The eyes that were interrupted during the last four weeks of treatment continued to grow at the same fast rate as they did during their first four weeks of uninterrupted lens wear (growth rate during first four weeks +3.67 ± 1.1 μm/day, last four weeks +3.56 ± 1.3 μm/day, p = 0.96).
Refractive state rates.
Interrupting imposed defocus early resulted in less myopia development compared to interrupting it later, or not interrupting at all, but these differences did not reach statistical significance ( Fig. 3 , top right panel, refractive change T 0 to T 4 , early interruption: −0.03 ± 0.02D/day, late interruption: −0.05 ± 0.02D/day, treated controls: −0.11 ± 0.06D/day; ANOVA F = 0.58, p = 0.56). During the first weeks of treatment, the rates of refractive change of the early interruption, late interruption, and treated controls were all faster than the untreated controls (untreated: +0.01 ± 0.01D/day, all p < 0.05). During the second four weeks of treatment, the rate at which animals became myopic was slower in the early interruption group than the late interruption group, but this did not reach statistical significance (Fig. 3 , bottom right panel refractive change T 4 to T 8 , early interruption: −0.02 ± 0.02D/day, late interruption: −0.04 ± 0.0.02D/day, treated control: −0.02 ± 0.03D/ day; untreated control: +0.02 ± 0.03D/day; ANOVA F = 0.90, p = 0.45). www.nature.com/scientificreports www.nature.com/scientificreports/ Visual experience during contact lens interruption. Marmosets in the early interruption group were treated for a total of 28 days from baseline to 4 wks. In the late interruption group, interruptions were over 27 days in two animals and 25 days in six animals. The defocus that marmosets experienced inside the viewing cylinder during the interruptions was, on average, myopia ( Fig. 4 , early interruption group: −1.72 ± 0.08D, late interruption group: −4.47 ± 0.08D, p < 0.05). There was a change towards greater myopic defocus by the end of treatment in both groups (early interruption: −1.08 ± 0.26D to −2.26 ± 0.98D, p < 0.05; late interruption: −3.87 ± 0.45D to −5.38 ± 0.65, p < 0.05).
Marmosets in the early interruption group experienced axial hyperopic defocus during the first day of treatment interruption (Fig. 5 , +1.42 ± 0.25D,) and relative myopia off-axis that was greater on the nasal than on the temporal retina ( Fig 
Predictors of lens compensation.
When all treated animals were evaluated (early interruption, late interruption, and treated control groups) there was a trend in the relationship between the degree of the lens compensation achieved during the first four weeks and the number of hours that the animals had been wearing the contact lenses. Eyes got larger when the −5D contact lenses had been worn for 9 hrs without interruption during the first four weeks of treatment (linear regression between growth rates and treatment time, R = 0.44 p = 0.08).
We determined the effect that interrupting treatment had on the biometric changes of the anterior chamber depth (ACD), lens thickness (LT), choroidal thickness (CT), and retinal thickness (RT) (Tables S1 and S2). We used multiple regression analysis to assess how the eye changed as it grew faster or slower during the treatment conditions. During the first 4 weeks, treated control eyes grew more and had relatively larger ACDs and thinner choroids (multiple regression, R 2 = 0.77 p < 0.05) compared to contralateral plano treated control eyes. Eyes that grew less with interrupted lens wear exhibited a relative thickening of the lens (multiple regression, R 2 = 0.56 p < 0.05). During the second 4 weeks, the vitreous chamber of both treatment groups grew by the same amount (mean VC growth ± SE exp-con: 1.84 ± 1.07 µm/day vs 3.56 ± 1.35 µm/day, p = 0.33) and developed thinner retinas, thinner choroids, and deeper ACD (multiple regression, R 2 = 0.84 p < 0.05).
Both the early and late interruption groups experienced changes in peripheral refraction throughout treatment ( Fig. 6) . At baseline, the average peripheral refractive state did not differ statistically between groups, but after the first four weeks of treatment the early interruption group remained hyperopic on axis and on the nasal retina, while the temporal retina became myopic. At this time, the late interruption group had developed Multiple regression analysis was used to assess whether the compensatory growth rates at each treatment period could be explained by pretreatment factors. Baseline peripheral refraction and early growth rates in all the groups combined did not correlate with the induced ocular growth changes at T4. However, we found that in the early interruption group, the naso-temporal asymmetries in relative peripheral refraction at 20° and 40° (NTasym20°, NTasym40°) at the end of the first four weeks of treatment was correlated with the growth rate during the later four weeks of treatment, such that faster growth rate was related to more positive NT asymmetries (that is, more relative hyperopia on the nasal side)(R 2 = 0.81 p < 0.05). Figure 5 (right) describes the multiple regressions plotted as two individual bivariate plots (NTasym40° R 2 = 0.62 p = 0.02; NTasym20° R 2 = 0.73 p < 0.01). When both variables are combined in the multiple regression analysis, the regression value of the growth rate increases to R 2 = 0.81 p < 0.05.
Discussion
Short daily interruptions to imposed hyperopic defocus can affect the development of axial myopia significantly and slow down the compensatory vitreous chamber growth and refractive change. The effectiveness of the interruption is associated with the treatment period; the earlier the interruption to imposed defocus occurs, the more effective it is at reducing the compensation for the lens-imposed defocus.
In this study, we interrupted imposed hyperopic defocus during the first or second four weeks of an eight-week lens-wear treatment. When imposed defocus was interrupted during the first four weeks of treatment, the axial growth and refractive rates were comparable to those of untreated control eyes and slower than when we interrupted later during treatment. When defocus was interrupted during the second four weeks of treatment, axial growth and refractive state were not different than uninterrupted controls with continuous lens wear. It was, therefore, more effective to interrupt imposed defocus during the first weeks of treatment before compensation had proceeded, than after the eye had compensated for approximately 70% of the imposed −5D defocus (−3.53D). Other than vitreous chamber depth, none of the other ocular parameters measured changed significantly throughout treatment. Our results support the idea that treating myopia before onset or as early as possible in development will be more effective in reducing progression. Guidelines regarding myopia control treatment in children before myopia onset, based on their risk factors, are being developed 52 .
Why interrupting imposed defocus later in treatment is ineffective may be related to greater myopia in those eyes, but the reasons are not clear. Greater myopic blur was experienced inside the viewing cylinder during the interruptions, but this is unlikely to be an important factor because comparable degrees of myopic defocus (+5D) in marmosets have been reported to induce hyperopia 27, 36, 48 . It also seems unlikely that the slightly older age of the marmosets would explain the ineffectiveness of the late interruption. In chicks, tree shrews, and non-human primates, form-deprivation myopia (FDM) has been induced in adolescent or adult animals with longer periods of form deprivation needed in the older animals, which suggests that the emmetropization mechanism remains active in adulthood but requires longer exposure periods [53] [54] [55] [56] . In tree shrews 57 , the compensation to −5D lenses takes 10 days in younger animals, and 40 days in older animals. This suggests that the emmetropization mechanism for both FDM and lens-induced myopia (LIM) remains active into young adulthood, with younger animals developing larger amounts of myopia faster. We speculate that, because of the older age of the animals and the slowing of eye growth, a longer period of late interruption may be needed for a protective effect. In the tree shrew, similar to what was observed in this study, refraction state remained stable after compensating for −5D lenses. This is important because in this study marmosets treated for 8 weeks compensated for 75% of the imposed defocus during the first four weeks, after which the growth rate slowed down because they experienced less amount of defocus. Imposed changes in refractive state across the retina are known to affect eye growth and refractive state development 11, 36, 37, 48, 58, 59 and may affect the effectiveness of the interruption to lens-imposed defocus as well. In this study, we found that in the uninterrupted controls, naso-temporal (NT) asymmetries in relative peripheral refraction at 20° and 40° after four weeks of treatment predicted growth rate during the second four weeks of treatment. Faster growth rate correlated with more positive NT asymmetries (more relative peripheral hyperopia on the nasal compared to the temporal retina). Peripheral refraction asymmetries have been associated with larger responses to imposed hyperopic defocus in marmosets 48 , and may partially explain the ineffectiveness of interrupting lens-induced myopia at the end of treatment.
It is also likely that the myopic visual signal interrupting the imposed hyperopic defocus was not strong enough to slow eye growth once myopia had developed. In this study we determined the defocus experienced by the retina during the treatment interruption. Work from other labs has described the effectiveness of interrupting lens-wear or form-deprivation myopia with short intervals of unrestricted vision 31, 33, 35, 60 , but the actual refractive state during the interruption was not measured. In our study, the average effective defocus experienced during the contact lens interruption during the first weeks of treatment was mildly myopic. As animals compensated for imposed hyperopic defocus and developed more myopia throughout treatment, the effective defocus experienced during the interruption episodes also became more myopic, but the interruptions were not long enough or the signal was not strong enough to stop the myopia and reverse it. Marmosets treated with −5D lenses for 12 weeks can recover from the induced myopia and return to control levels within 3 months of removing lenses (unpublished data). The lens-interruption protocol presented here and the recovery protocol differ significantly and the results cannot be compared directly. However, the recovery observations suggest that more time or a stronger myopic visual signal is needed to reduce myopia once it has developed.
The early interruptions before myopia developed produced a small myopic visual signal that was sufficient to reduce compensation for the imposed hyperopic defocus. The average baseline refractive state of the marmosets in this study was slightly hyperopic, which is typical for marmosets at this age (10 weeks old) 27, 36, 48 . Treated eyes interrupted during the first four weeks of treatment were on average +1.31D, and their effective refraction without cycloplegia inside the viewing cylinder during the interruption was −1.66D, which was only slightly myopic (−0.66D) because the cylinder had a radius of 1 m (1D demand).
The effectiveness of replacing a myopia-inducing stimulus with varying amounts of myopic defocus has been studied in chicks, tree shrews, guinea pigs and macaques in the past with varying results (Table 1) 33, 34, 41, 44, 61 . In macaques, interrupting 12 hrs of hyperopic defocus (−3D) with plano lenses for 15 mins four times/day resulted in a 64% reduction in myopia development, whereas substituting the hyperopic defocus with myopic defocus (+4.5D) reduced myopia by only 46%. In tree shrews, removing negative lenses (−5D and −3D) for 45 mins/day blocked the myopic compensation, whereas substituting with positive lenses (+3D to +10D) increased myopia 34 . Interestingly, also in tree-shrews, replacing high-powered negative lenses (−9.5D) with a positive lens (+4D) was more effective than unrestricted vision; however, the animals could move freely during the interruption period so the actual refractive state was unknown 61 . In chicks, interrupting 9 hrs of negative lenses (−10D) with 3 hrs of normal vision 41 , or alternating 25 mins of −6D with 5 mins of +6D twice a day 44 , both blocked myopia development. Overall, these results suggest that the defocus detection threshold varies across species. Chicks appear more sensitive to myopic defocus than mammals, including non-human primates. Several studies have identified non-linearities in the effect that imposed defocus has on the visual control of eye growth and refractive state 31, 62, 63 . Generally, imposed hyperopic defocus produces more compensatory myopia than imposed myopic defocus produces compensatory hyperopia 31, 32 . Interrupting imposed hyperopic defocus with unrestricted vision is more effective at reducing compensatory myopia than using myopic defocus 34, 64 . However, experimental eyes are more sensitive to myopic defocus and develop hyperopia when exposed to alternating myopic and hyperopic defocus, even if hyperopic defocus is experienced for longer 40 , or when they are presented simultaneously 36 . These apparent non-linearities are probably related to several factors including the degree of existing refractive error and differences in the ability to reduce or increase axial growth as it relates to existing growth rate. Spherical aberration and defocus interact to affect retinal image quality and the visual signal for emmetropization 65 , and might also explain differences in the efficacy of imposed defocus, as well as differences in the effects of unrestricted vision in eyes with varying amounts of myopia, to alter eye growth and refractive state.
Different results in published studies of temporal integration may relate to differences in the species and experimental protocols used. For instance, chick, tree shrews, guinea pig and macaque studies always interrupted the imposed hyperopic defocus from the beginning of treatment 33, 34, 41, 44, 61, 64 . In this study lens rearing was interrupted either from the beginning of treatment or after the eyes had already compensated for 75% of the imposed defocus 4 weeks into treatment. Interrupting lens-wear after compensation had occurred in other species has not been reported. Studies performed in other species interrupted negative lens-rearing with periods of darkness, periods of free viewing or by replacing hyperopic for myopic defocus. In our study we interrupted lens-rearing with episodes of fixed visual space and monitored refraction during the interruption. Only one other study monitored refraction during the interruption 34 , they reported similar results to what was described here; interrupting exposure to hyperopic defocus with minimal defocus effectively reduces the development of compensatory eye growth and myopia 34 . The effectiveness of varying degrees of myopic defocus during interrupted hyperopic defocus has also been described in macaques, chicks and guinea pigs 35 . conclusion In this study we report that two 30-min interruption periods versus 8 hrs of imposed hyperopic defocus effectively blocked the compensatory eye growth leading to axial elongation and myopia, but only if the eye had not started to develop myopia. Because this study used only one power to induce myopia (−5D) and one interruption paradigm (2 × 30 mins episodes), we cannot determine at what degree of induced myopia the interruption loses effectiveness, nor can we determine whether there is a more effective interruption and visual stimulus to use once myopia has begun. Additional experiments examining the effects of different visual conditions during interruptions of lens imposed myopia are needed.
In summary, we found that brief periods of unrestricted vision can reduce the development of experimental myopia induced by lens-imposed hyperopic defocus. The effect was strongest when the interruption started at the same time as the lens rearing and when the eyes had only partially compensated for the imposed hyperopic defocus. These results suggest that optical treatments to reduce myopia progression may be more effective the earlier they are started.
